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Why search for dark matter?

In general the relation of the experimental
sciences to the question of life can be
expressed thus. Question: Why do | live?
Answer: In infinite space, in infinite time,
infinitely small particles change in infinite
complexity, and when you understand the
laws of these changes, then you will
understand why you live.

-Leo Tolstoy, Confession
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—vidence for dark matter in spiral galaxy rotations
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—vidence for dark matter in spiral galaxy rotations
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Evidence for dark matter in collisions of galaxies
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1E 0657-56, Bullet cluster



Use gravitational lensing to determine
mass of clusters, while x-rays show hot
gas and optical images show stars




—vidence for dark matter in the CMB
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Simulations of structure formation support cold dark matter
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Many different ways to search for WIM

P dark matter...
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WIMP dark matter in the Milky Way

Standard Halo Model
—smooth mass, velocity
distributions

Model WIMP velocity with
Maxwell-Boltzman distribution:

f(v)ece

Assume:

po = 0.3 GeV/c?/cm?
(3 WIMPS/L for my =100 GeV)

Vo = 220 km/s
Ve = 232 + 15 sin (2my) km/s

ESO/L Calcada : Vesc = 544 km/s
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Dark matter scattering - direct detection searches

Look for recoils with
energies of few keV
to few tens of keV:

WIMPs and Neutrons
scatter from the
Atomic Nucl&Us

Photons and Electrons
scatter from the
Atomic EIectrQns
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Predicted WIMP scattering
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Spin-independent scattering

C. McCabe, Phys. Rev. D, 82, 023530 (2010)
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Scattering rate for different targets
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Total rates including detector threshold

integral rate, counts/tonne/year

My =50 GeV/c?

o, s=10" pb (104" cm?)

threshold recolil energy, keV
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—xperiments search via light/charge/heat signals

Semiconducting
Cogent (HPGe) calorimeters:
DMTPC (gas dir.) \ CDMS, Edelweiss
DRIFT (gas dir.) lonization

Superheated liquids:
Picasso, Simple, Coupp

/

2-phase nobles:

ZEPLIN 11111, Target “)
Max, XENON, Phonons/heat
WARP, LUX/LZ,
ArDM, Darkside

— Light
Scintillating crystals: / \ Scintillating crystals:
DAMA/LIBRA, KIMS, CRESST Il

DM-Ice

Single-phase liquid nobles:
DEAP, MiniCLEAN, XMASS




xenon scintillation

All recoils produce light and charge - use the ratio of
charge to light to distinguish electronic and nuclear recoils

Excitation Excited molecule
/
incident —
particle
\ VUV photon, 175nm

—_—
i . VUV photon, 175nm
e @ Ionization lonized molecule

Ce

Recombination

An applied electric field lowers the numlber
of electrons available to recombine! .



Self-shielding in liquid xenon
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The I_arge U ﬂderg roOy ﬂd The true adventurer goes forth aimless and

uncalculating to meet and greet unknown fate.

Xenon Experiment - O Henry

19
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LUX at SURF

Sanford Underground
Research Facility
(SURF), located in

Lead, SD

Oro Hondo
oxhaust shaft

DIANA
(Nuciaar astrophysics)

LBNE Ligad Argon
(Newtrinoless double-Deta decay) (Third eneration dark maser 4550 Level labotamnory

Open May 2012

Muon Intensity, m 2y’
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Davis campus was also the site of the
Homestake solar neutrino experiment




The LUX detector

Clean room

Control room Breakout system

Liquid nitrogen system

\//i

;
= I

Breakout cart

Source tubes

<

xXenon

recovery
bladder

Cryostat

Gas system
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LUX-AT

PC at heart

LEX

Read out light signals, corresponding to both initial
scintillation (S1) and electroluminescence (S2)

Particle 8=

i

Wire strung, 50 um wire, 5 mm spacing T

Wire mesh, 30 pm w

-3 kV/cm extraction

~——— jonization electrons

NN UV scintillation photons (~175 nm)

Image by CH Faham (Brown)

The LUX Detector Grid Configuration

!!llllllll!ll!!Ill!llll!llll!lllllll!lltu— -

-6 kV/cm electroluminescence

lllllllllllllllllllllllllllllllllllll

S mm spa
;100m
| Wire strung, 100 pm wi eSmmspa(W oooooooooooooooooooooooooooooooooo

There are 47 field-shaping rings between G and C, spaced 1 cm apart

49 cm

1.9 cm warm
4 0 cm cold*

Drift time
indicates depth -180 V/cm drift field
‘ Wire strung 100 pm wire, 1 ¢cm spac ng C RN AR AR - ~ -
LS
Wire strun ng, 100 um wire, 5 mm spacing B aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

10cm
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Cryostat

» Use thernfGsyphons for
9assive cooling

Hamamatsu R8778,
12 stage 2.2” PMTs
(61 top/61 bottom)

Top thermosyphon Feedthroughs

Titanium cryostats
Radiopure Ti

< 0.2 mBqg/kg
Anode and electron
extraction grids

Constantly circulate and
purify Xe in gas phase

Xenon recirculation
and heat exchanger

300 kg active liquid xenon

PTFE reflector panels
Cathode grid

Photomultiplier tubes

Bottom thermosyphon

26



Water Shield

300 tonnes ultrapure water shield
(>18 MOhm-cm),
20’ high, 25’ diameter SS tank to
reduce cavern & cosmogenic backgrounds

Flux Attenuation in Water
(Normalized to Number of Incoming Particles)

i: —e Rock Gammas
e - Rock Neutrons
BiIiiiiiiiiiiiii —O—muNoutrons
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10 e 3!zn 1y h H SRR IR TRNITLY h R

o7t R R i s PR
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Instrumented with 20 Hamamatsu R7081 10”
diameter PMTs for veto of coincident NR candidates

Flux
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85Kr internal background

e B decay with t12=10.7 y
e Noble gas — non-reactive
e Not removed by self-shielding

e ~100 ppb in purchased Xe
—20 ppt ~ 122 PMTs

LUX goal: < 5 ppt Kr

LX)



Use gas chromatography to remove 8°Kr

sy e - 3 , R Run 14
ermo DNC - - P "‘
1 7 o = p— = : _ Chromatography Xe Recovery
- ! - i3 theemosyphen lines (3‘ 2 4 .
* .‘,'F @Q‘\ ‘l |,§\‘-—— . g— .)_lp b v ) p L R
R U M- e AL T " Xe
| — ) & it Tl i ‘ # . Feed
, b condenser P . S
aall :
charcoall = - &8 IR0
column — 2
o
sampling RGA
: L
Xe recovery
.. _ Pumps
« graduate student 1t
Chang Lee
0 0 100 ' (0 ) 390

minute

Charcoal chromatography removal system developed and operated at Case Western

— processed 400 kg LUX xenon from 130 ppb to 4 ppt (average of 50 kg/wk processed
during production running)
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F| rS't I_UX Wl M B SearCh they are precise and clear in inverse proportion

to their applications to the questions of life...
-Leo Tolstoy, Confession 30

D.S Akerib et al, arXiv:1310.8214, accepted for publication in PRL


http://arXiv.org/abs/arXiv:1310.8214
http://arXiv.org/abs/arXiv:1310.8214

LX)

Underground operation since January, 2013

Operate with xenon gas in January 2013,
liquify xenon mid-Feb 2013!

‘ N ’ ~ .
Troubleshooting
B Calibration

B WIMP search data
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WIMP search data for non-blind analysis collected April 21 - August 8, 2013



Noble Element Scintillation Technique (NEST)

E =(ny +ne)W,

ee
-1
E,=f"(n, +n|W
2 5 10 20 50 100 200
—— 1 T T : R R S

0'505 L keVee = 4060 V/em
0.40F kg(e) O”gmal Data from C.E. Dahl, 41951 Viemi

= Lindhard Ph.D. thesis (2009) ) 876 Viem
: L+ kg(e) o v 522Viem |

o 60 Viem

g 00opod®

log ) O(ne/nv)

fraction of energy given to electrons f,

- - . /\ . . . V .\'> \‘\ .
0.10F Hitachi correction S N
, NEST prediction (lines) "\
[ | —1 I T | 1 1 1 kevrl L1l 1 1 - -
5 10 20 50 100 200 500

1 10 100

nuclear recoil energy [keV]

Uses full Lindhard model with Hitachi Reproduces NR discrimination data
linear energy transfer (LET)
P. Sorensen and C.E. Dahl, Phys. Rev. D 83, 063501 (2011) M. Szydagis et al., JINST 6, p10002 (2011) 32



Light and charge yields

0.3 ¢ 19.3
I LUX 2013
s 0% 1161, | = Plante 2011
£ : ] 2 | ===-- Horn 2011a
S g2 | 129 & |----- Horn 2011b
- ' ' <. | = Manzur 2010
S : ] )
S 015 197 =
z [ | = NEST:
=z i | o
= 0.1 6.4 &
< i ] ~ Zero field
= | < | ——181 Viem
7 0.05 132
0L / S S :o

1 10 100
nuclear recoil energy (keV)

Set hard threshold at 3 keVnr Photon detect.ion eﬁiciency:_O.M
\Very conservative! Charge yield: 26 phe/e
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amplitude (phe/10ns)

—vent selection

S1 summed across all channels S2 summed across all channels

181 182 183 184
time (us)

150

drift time (us)

0
50 100 150 200 0 PMT channel
number

time (us)

Requirements for WIMP search candidate events
S2 trigger (at least 2 trigger ch. = 8 phe within 2 ps)
2 phe (2-fold coincidence) < S1 < 30 phe
200 phe (8 e-) = S2 < 3300 phe
total area of other pulses in the event < 100 phe

LG

Define fiducial volume r < 18 cm,

(<z<47 cm,

corresponding to 118+6 kg

0 e dAIE QN
| |
50’—. . Ao
i |
100+ ! | i
150F ‘! 1 3
| |
200+ io ‘§ i
' 3 1o I
2501 - &
SO0 =i T T o e AR BE_
350¢ . , . 1 cathodelgrid |
0 100 00 300 400 500 600

radius® (cm2)

160 candidate events after
all selection reqgs applied
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Separation of electronic and nuclear recoils
with charge to light ratio

NI ST
N NN (0)]
I I [

N
|

1.8

log , 0(82b/81 ) X,y,Z corrected

-
N
|

1! |

0] 10 20 30 40
S1 x,y,z corrected (phe)

L)
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—lectronic and nuclear recoll calibrations

log 1 0(82b/81 ) X,y,Z corrected

Tritium ER Calibration
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WIM

P search data,

charge to light ratio

2.6

2.4

log 1 O(82b/81 ) X,y,Z corrected

160 events in
search region

20 30
S1 x,y,z corrected (phe)

L
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—fficiency of pulse finding and selection
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LG

Several iIndependent estimates of total efficiency

AmBe data (circles) & sim (line) 1.8 _

N

=
e
B

NR efficiency | 4

I
©
5
= 10
£ [
©
_ \/ Tritium data
10° / | Fle}t NR.SI,m. o
10° 10’

S1 x,y,z corrected (phe)

We find good agreement between the data
and simulation-estimated efficiencies.

D.S. Akerib et al., Nucl. Instr. Meth. A 675, 63 (2012) 39



LG

Use an extended likelihood in WIMP search

e_NS_NCompt_NXe—127—NRn222 N
EWS — N| Hlvsps(w;o's, 93) +jvcomptPER('lL‘;9Compt)

+Nxe—127PER(2;0xe—127) + NRn PER(2; ORY)

Discriminant between ER/NR

Energy Discriminant against
\ external/internal radiation

Observables: x = (S1, 10g10(S2/S1), r,/z)

Parameter of interest; Ns

Nuisance parameters: Ncompt, Nxe-127, Nrn/kr-85

/

Gaussian constrain to within 30% of the predicted rates 40



Backgrounds

1) Internal radioactivity, predicted by
simulation/screening = 129 events

log 10(cts:'kg!dayr)
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3
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2.5

0

10 15
Radius [cm]

20
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3) 274Pb (observe 18 mHz
steady rate of %?°Rn in
detector) and residual 8°Kr
(4 ppt) = 10 events

y—position [cm]

=20
=20

20
x—position [cm]

y—position [cm]

LG

2) Cosmogenically-activated
127Xe (t, = 36.5d) = 15 events
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210Po rate reflects 21°Pb plate-out on surfaces

prior to underground deployment 41



log10(S2/S1)

LEX

Use simulation in final model of WIMP signal

Ps(l()glO(SQ/Sl)lSl)PS(E

\

Model as uniform in (r?,z)

!
Use realistic simulation to model 2D pdf,

INcludes resolution and efficiencies

LUX Simulation LUX Simulation LUX Simulation
2.4 = 24F = 24fF
22 8 GeV /c2 WIMP l_ S 22 100 GeV /c2 WIMP |1} S 22 2 TeV /c2 WIMP |0
20E § 20 _ = 50 -
1.8 >  18FE D 48E .
1.68 l - 16k e
1.4 - 1.4F 1.4F
1.2F 1.2 1.2F
1.0 - 1.0 1.0
0.8 0.8 0.8
o6p- 06 06
10 20 30 10 20 30 10 20 30
S1 [estimated photons] S1 [estimated photons] S1 [estimated photons]
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log10(S2/S1)

Radioactive materials model

!

Model as uniform in Eee € [0.9, 5.1] keVee

LUX Simulation log  o(ctskgiday)
— ‘
l >0 I0.5
= _ 40 0
T B . 1-0.5
= 5 30
__ | = =
- = p
_ = S
— T 20 1-1.5
-2
10
' —q 25
10 20 30
S1 [estimated photons] 0 5
0 5 10 15 20
Radius [cm]

Predict 129 events in WIMP search data N



12X e model

Ponllogio(52/S1)|51) Parxe(Eee ST Porxe (1, 2

Again use simulation to
model pde, iINncludes LUX Simulation l0g ,,(DRU/MBaq)
resolution and efficiencies

— 50
‘Z’ 2.4
Al 2.2
7p)
S 20 0
5’ 1.8
1.68 30 -4
1.4 ;—
1.2 ;— 20 4.5
1.0 ;—
0.8 ] )
= Model from LUX simulation 10
0.6 | | | | | | | | | | | -5
10 20 30
I 0
S1 [estimated photons] 0 . 10 5 20

Radius [cm]

Predict 15 events in WIMP search region s



log10(S2/S1)

214Pp/85Kr model

@QIO(SQ/SME%%ﬂP@

Model as uniform in
Eee € [0.9, 5.1] keVee

|

Model as uniform in (r?,2)

LUX Simulation

L 127% e

DRU

T

- Model from 3H

L L L L L | L L L L
10 20 30

[\

Radioactive materials |

85Kr

~

S1 [estimated photons]
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Predict 10 events in WIMP search region 45



Fit projections
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—stimated background rates

193

Background Component

Source

10 [evts/keVee/kg/day]

Internal Components including

Gamma-rays PMITS (80%) Cryostat, Teflon 1.8£0.2stat£0. 3sys
"7Xe (36.4 day haliife) | 3"835%3?.',?9 | 050,020,
214Ph 222Rn 0.11-0.22(90% cL)
K 1 BORpepdbutCoe gf5r?_rr1n ppt 0.13£0.075
Predicted Total 2.0£0.25tat£0.4ys
Observed Total 3.1£0. 2stat
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First WIMP search results

L o Ill:lor WIMP Iscét’ltelrihlgl Ivia Hi;qgsl,

| \‘ DAMA/LIBRA 51045146 o2 _

107} \\\ s significant milestone
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Low mass WIM

WIMP-nucleon cross section (cm2)
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Low mass WIM

WIMP-nucleon cross section (cm2)
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WIMP-nucleon cross section (cm2)

High mass WIMP [imit

2.6f ! " " v v ;
24} \ WIMP mass 1 TeV |
§ 22/ o=2x10%cm? |
S 2 . Expect 7 events
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CMSSM

MasTeRcoe,

Y ¢ minimum

e A2 =2.30 post-LUX

m— Ay? =5.99 post-LUX

= = Ay? =2.30 pre-LUX

Hm = Ax? =5.99 pre-LUX

= Xenonl00 225-days 90%CL
LUX 85-days 90%CL
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MasterCode project, O. Buchmiiller, et al.
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High mass - a few SUSY models
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300 day WIMP search
a0 DAI\/IA/LIBRA
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| with =10 expected bands
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Possible improvements to initial WIMP analysis

LUX 2013
= Plante 2011
----- Horn 2011a
----- Horn 2011b
= Manzur 2010

Add calibrations

1) Higher CH3T calibration stats
NEST: 2) Calibrate nuclear recoils in situ

via DD neutron generator

Zero field
——181 V/icm

Enhance signal and background models
1) Use combined energy scale
2) Explicitly include resolution, efficiencies
3) Include uncertainty on position reconstruction
4) Build recombination fraction into models
5) Revisit discrimination parametrization

E, = (ny +ne)W,
E = f_l(ny +ne)W

nr n
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L)X

Additional background studies would be a benefit

Lowering the energy threshold

makes a big difference in sensitivity
to low mass WIMPs | \\‘ DAMA/LIBRA |
5 |
- . e c CDMS Il Si (2013 :
Optimize selection for WIMP _sensitivity S \ 2013) |
. _
1) Lower S1 threshold AN |
2) Extend upper S1 range o
3) Improve S2 ID to lower threshold of S2 51077 /MS 1Go
‘L K Tl XENON100 .5
SR = S .-
08 ' | = .l \\ _-"
- % v 10 3 \ .- -
b e . A -
-~ d N : x N S o _-" -
gL + ool Sweemcl
Y + 10’ 10° 10°
= 2 = 200 phe / Mo (GEVIC?)
02~ s 1 <30 phe Programs of background studies that can inform
- goldom o the understanding of isolated backgrounds that
";“T”; . .._*_w“’“‘”'“’:‘.”’.’T’:;?‘.‘f’f;”f”."i TRTee contribute to our current S2 thresholds, fiducial
frué nuclear recott encrey [keviur] volume are highly desirable... o



Reblind the data and reanalyze...

LEX
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| do the impossible, because the
possible anyone can do

- Pablo Picasso
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US Groups

Brookhaven National Laboratory
Brown University

Case Western Reserve University
LLNL

SLAC

South Dakota School of Mines and
Technology

South Dakota Science and Technology
Authority

Texas A&M University

University Of Alabama

University of California, Berkeley/LBNL
University of California, Davis
University of California, Santa Barbara
University of Maryland

University of Rochester

University of South Dakota

University of Wisconsin

Physical Sciences Laboratory, Wisconsin

Washington University
Yale University

Non-US Groups

Imperial College, London

LIP — University of Coimbra

Moscow Engineering Physics Institute
Oxford University

STFC Daresbury Laboratory

STFC Rutherford Appleton Laboratory
University College, London

University of Edinburgh

University of Sheffield

L Z Collaboration -
currently 28 Institutions!
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The LZ detector




Scale up the detector, scale down the backgrounds...

| Z detector volume 27 times larger than LUX

Electroluminescence
region and gas phase

Upper PMT amay —»
Skin PMTs —»

TPClieldcage —» 4
/' Skin

Fieldring PMT
HV umbilical and
connection to cathode

_- Cathode grid

‘/

«— Reverse field region
" Skin PMT

" Lower PMT array

222Rn 218Po/212Bi
° Reduce internal backgrounds...
3 Ry -20 e N I i g
-20 20 : =20 0 20 -20 0 20 -20 0 20 60

x—position [cm] x-position [cm] x—position [cm] x—position [cm]



Learn from LUX/ZEPLIN experiences...

LUX

Water tank deployment
Ti vessels
Thermosyphon cryogenics
Dual-phase heat exchanger system
Xe purity analytical systems
Kr removal to very low levels
Low background PMTs
In-situ calibrations
Electronics
Davis campus infrastructure

ZEPLIN 1l
background rejection at high field
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|/ can have sensitivity to solar neutrinos

~250 pp solar in 6T, 1000 d in 5 keVee Window

0
10 S

© 107
=
©
S
S
o 107°} VBB (2.1x10% yrs)
ro) ..
- N
g h ---------- ql ' J
t _3 el T T — L - -.

2 10 I N
> .
2 3" PMT y
3 1/1 mBq U/Th
o 10 + q ]

99 5% ER discrimination

10° 10" 10°

Electron Recoil Energy (keVee)

Want sensitivity to pp solar v signal if possible -
need to be much more careful with backgrounds! 62



“‘Ultimate” WIMP sensitivity limited by coherent v’s

Total Bkgd: All Analysis Cuts + LS + LXeSkin Yeto

Current LUX WIMP search window

yS

cts/’keV /Aonne/1000 da

1 < >
10 '-_] ' v ' . e t
1
10° K 1
. ®Bsdlarv 100 GeV WIMP
"y E req. conv. (1e-47 cm2)
-1
10 " 8B solar v 1. |
|
, --____1,,_.(1_e:480m )
- In - - -
10 l e -
- 13
= _a| atmospheric v
10
= 44
--------- I
1074l 3'PMT (@n)| == ==t ==, I
1/1 mBq U/Th = 5
50% NR acceptalrce
" 1 " 1 1 " " 1 " 1 " 1 -6
2
10" 10 :
Nuclear Recoil Energy (keV ) AL T RN RN RN

1000 2000 3000 4000 5000 -1

(o] 310(C1S]
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y-position [cm]

RN screening program

Need significant reduction in internal The Uranium-255 Becay Chain
backgrounds: 82 83 84 85 8 87 88 89 90 91 92
1) Reduce 85KI’ to 0.01 ppt Garama emitiors 8re not indicated e :,::;‘
2) Require much more stringent gz
screening for 222Rn daughters s Co Jpe) (o Yo o [joes o [l o Joase
— keep 2'*Pb B decay to 10% of pp b ez
solar v rate, require 0.6 mBg of 222Rn .;gg,%i.m:
Desire screening sensitivity to el T
O(1 pBaq) level, limit each major Suie vz-fa‘a*i‘«?

component to ~10-30 uBg

Potential backgrounds
in DM search region

214Po
T 20; @705 ‘e
L, ~ N
c > TN £ . . ' f
Y e a posteriorl estimate o
8 |Craalny| 8 :
Y | o L E ) N 8.3 mBqg ¢'*Pb in LUX!
-20 0 20 -20 0 20 =20 0 20 =20 0 20

x—position [cm] x—position [cm] x—position [cm] x—position [cm]
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The “big picture” In direct detection experiments

SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)

10—39 - r «CDMS-Il Ge Low Threshold (2011) . o . S 10—3
O ,
= Q \ \\& CoGeNT
o “ON\ N
—40 | O A\ \\ \‘ (2012) |1 —4
10 ™ 90; ‘9//,} \\‘}\“4 CDMS Si 10
2 YN \Qi\‘\\ (2013) sz\
— 1n-41 O ‘ \ \ pLE 1070 —
% 10 5 ! \ 1 Q SIM jpp 2012 10 )
\ 1 \ e
% 10—42 i \ N \» u 10_6 =
AR v, ; @)
= ‘@/p@r R\ TR B
S 10743 ErCy v W 1077 8
O y \‘\S o \ ) N
« XSNOLABN W\ G %
% 10_44 B \\\\\ ““ \\\ 10_8 §
B : .
g 1045 Neeutrinos R 8B \\\““\:“ 109 :
S Neutrinos &> < ", 3
2 \\‘\\~ . N 3
S 10746 N 10719 2
< \ |
I
A 10_47 ~ (Green ovals) Asymmetric DM ‘ 1 10_11 %
2 (Violet oval) Magnetic DM p—
et . .
—48 | (Blue oval) Extra dimensions | -12
B 10 (Red circle) SUSY MSSM \ 10 B
4 A MSSM: Pure Higgsino ’\\’\\e;\c and 3
10727 | ® MssM: A funnel \ g ArmosP 110~
@ MSSM: Bino-stop coannihilation
10_50 *MSSM: Binol—squalrk cloalnr?ihillal‘lt'if)n | S | S o LO_I4
| 10 100 1000 10
2
“Snowmass CF1 Summary: WIMP WIMP Mass [GeV/c“]

Dark Matter Direct Detection”,
arXiv:1310:8327



A race to the bottom...

o~ 1.E-40 %5
g 107 -
B = 1.E-41 o
- @ e % o
e = % 1.E-42 [ |™Crystals *
g 3 ypaz [ [ o0 ¢ '
o . A Liquid xenon A :
o Z 8 1.E-44 | ¢ Liquid argon :
f’. 10-44 g 8 ALUXand LZ "OO
Ng E 1.E-45 || aAxenonit A % 5
= 5 e | |omhreshold ' aD
-% 1.£-46 O Cryogenic A
i 107 1.E-47 | | ©Liquid argon <
é 1£-48 —— ‘ L8 4
ot 1985 1995 2005 2015 2025
: 10" 10° 10° Year
WIMP Mass [GeV/c’]

LUX/LZ will be the experiments to beat for the next decade!
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Sack-up



Particle Dark Matter Candidates
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Thermal freezeout of dark matter

New stable states are
produces in early
universe when
H>T

where [ ~ n<ov>

1 o< e_mWIMP/T

107%° cm’s™
QO =~
WIMP <GV>

For Qwimp=1, interaction
rate at electroweak scale
(o~1/few TeV?) gives
correct relic abundance

Production = Annihilation (TZmX)

/ Production suppressed (T<mX)
/ —

T T I / L 4 T Y TTY‘]’ T L 4 2 4 oY
/ Freeze out

1

}

!

: }

Increasing <o,v> 1

: V 1

;(:m/T (time —»)

Tro~m/20 —non-relativistic
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Supersymmetry has long been favored to provide a
WIMP candidate...

The known world of The hypothetical world of
Standard Model particles SUSY particles

Higgs

quarks squarks
® leptons ® sleptons

® force carriers ® SuUSY force carriers
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Accurate measurement of pp solar v
flux would constrain solar model

Neutrino Flux

_Gallium !Chlorine !Super‘K, SN}(E)
1012 - ——— : ———— —_
1o £1% Bahcall-Pinsonneault 2004
1010
108 +127%
108 +27%

"Be pep

107
108
108
10 ¢ —
103
102
1051 == —

Neutrino Energy (MeV)
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Bachall and Pena-Garay, arXiv:hep-ph/0404061



Pp pep

pT+p"—=2H+e"+ Vv, : pT+e +p"—=2H+ Vv,
2H + p* - 3He + Y 3He + p* —» *He + et + V.
| hep

3He + “He » 'Be + Y

Be
°B

ppl ppll

pplII
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Projected LZ background rates

L~ R&D report

Table 1.3.2 Projected counts from uniform ER and NR backgrounds above ~5 keVnr in a 5.6-ton fiducial mass and
1,000 days, with ER discrimination predictions from NEST for different HV and light collection efficiency values,
and assuming 50% NR acceptance after discrimination.

ER: pp solar v 230 1.15 0.46 0.24
ER: Kror Rn 46 0.23 0.09 0.05
NR: atmospheric v | 0.50 0.25 0.25 0.25
NR: DSNB v 0.10 0.05 0.05 0.05
Total

(5:30 keVnr) 1.7 0.8 0.6




lectron lifetime during first WIMP search

[wo] yibus|—yup

””f50
0

|
Jun

|
May

1000
900+

700F

600
500
400
300
200
100+

[sn] ayij-2



AN ﬁ\

In-situ low-energy nuclear recoil calibration L&X

e Mono-energetic neutron beam (DD
generator), water collimated

® X-y Imaging determines kinematics

e Separate S2 signals, combined ST
signal

e Results anticipated @ Lake Louise
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Position reconstruction

Resolve gate wire grid
for high energy events
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Use 33MKr source data to calibrate light response

Internal source with 1.8 hr half-life
Two internal conversion electrons: 32 keV followed by 9 keV
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Define fiducial volumer< 18 cm, 7 <z < 47 cm,
corresponding to 118+6 kg fiducial mass
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127Xe Background

Electron capture from S-wave orbital,
D+€ —N+Ve

Energy released via cascade x-rays, or Auger
electrons.Total binding energy shown, and also
expected EC probability from that shell

~ K shell (35 keV) (85%) or Internal Conversion Electron(s)
tiz = 36 days L shell (5.5 keV) (12%)
M shell (1.2 keV) (2.5%) IR o R S

N,O shells (0.2 keV) (0.5%) 375 keV (17%)

202 keV (68%)
172 keV (26%)
145 keV (4.3%)
58 keV (1.2%)

l27|
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Set frequentist one-sided upper limit

Use profile likelihood ratio as test statistic

Fixed point to test
/ X )/ Nuisance parameters, not fixed

E (Utestn 9

Gl
Value of maximum likelihood

§go = —2In A (o)

A (Utest)

Generate pseudo-experiments for Oiwest, compare the value of test statistic in
data with the value of gg,i from each pseudo-experiment

Set one-sided limit, so if (o-hat)i > Otest, Qo,i = O

79



o A

LEX

Hypothesis tests
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Null hypothesis test

e S

LEX

— model
] —— model_with_poi 0
33 GeV/c2 WIMP — test statistic data

..\;\\\\' |

.

10 12 14 16
Profile Likelihood Ratio

Observe null p-value of 34% at 33 GeV/c?,
corresponding to 0.40 significance
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LUX Kr removal

LEX

Kr Removal Purity History, Final LUX Kr/Xe = 4 ppt

6
10 1 1 | | ] | 1
] LUX Original, 130ppb
7
10 ¢
8 [ 110
10 ¢
—_an9
g 10 - e SBIONG. 001 K)o -
3 - -
® 10'10' LoB2(raw Xe leak) processed twice 110
2 e S S rocessed twice. ...
X Proto-production LSB3 PMTs
A T L T T e
10 b gy LSB8.on. et OO T TN, W— LUX Finial, 4ppt
' LSBS8r
12| 110
10 ettt L LSB2r—— CSB10F -
; Solar pp neutrino tsim-r-
10'13 I B . = R H e A S = '
50 100 150 200 250 300 350
Run Number (2kg/run)

o

o
DRU(ct/kg/keV) in 100kg fiducial

N
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| Z deployment

FULLIPC AS3Y
LD OVER INNER CEYOSIAK LD INSTALLED

HELD SHAFPING FEHECTOR
ASSEMBLED ONTO LOWER PMT ARRAY

TPC IN INNER CRYOSTAT BOTTOM

TOP HATS INSTALLED
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Spin-independent contributions to WIM
from quarks and gluons

P scattering
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Spin-dependent scattering
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018 — S (u) 1b currents E
120, ¢ 3
Xe - Sn(u) 1b currents
= Sp(u) Ib + 2b currents -
= Sn(n) Ib + 2b currents
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—_ Sp(u) 1b currents E
_— Sn(u) 1b currents :
= Sp(u) Ib + 2b currents

- Sn(“) Ib + 2b cumrents
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Klos, Menendez, et al (2013)
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Dark matter production - collider searches

q

g u w*
In the most generic dark matter
searches, look for initial state X
radiation + missing energy
. = X
g
P i
—
Fr=-) Pu




Collider sensitivity

For comparison with direct detection
experiments, convert to scattering off nucleon

ST

Zhou et al, axxiv:1307.5327
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Dark matter annihilation - indirect searches

Sky&Telescope, Gregg Dinderman

Low-energy photons P05|trons
Quarks

Medium-energy E|9th0ﬂS

gumma rays

Neutrinos

Supersymmetric ] °

neutralinos Bosons WV\/\A/\/\/-\NV\:rotons

Decay process mm——m)




INndirect search IImits
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RN screening program

e Rn screening for LZ experiment

e Broadly useful capability with applications in many
experiments

e OVPBPB
e Dark matter
¢ | ow background physics in general

e As L3 manager, LZ project has built in funds based on my
cost estimates for Rn system at Case/UMD

e \Would like to have multiple systems, one at home lab,
another developed underground near detector

e To meet LZ goal of observing pp solar v, need to limit 214Pb 8
decay background from 22°Rn emanation — require < 0.67
mBq of 222Rn decays in active region (0.01 dru/(mBag/kg))

e Require that each item is limited to 0.035mBq emanation
e Assuming 10 major detector components (e.g., cables,

PMTs, feed-throughs, etc.) and a margin of error of 100%
in meeting target rate

e Desire screening sensitivity to O(1 pBq) level (may want/
need to screen only a fraction of total item)

The Uranium-238 Decay Chain
Atomic Number

82 83 84 85 86 87 88 89 90 91 92
Only main decays are shown

Gamma emitters are not indicated Th-234| O |U-238
244d asx10%s
Ny
B Pa-234
117 m
\B

S;ﬂ)mam o |Th230| o [U-234
382d [€ | 1600 a | € |7 7510% € 2 4x10°8

Element Names Half-life units
U - uranium a-years

Th - thorium d - days

Ra - radum h - hours

Pa - protactinium m - minutes
Rn - radon s - seconds
Po - polonium

Bi - bismuth

Pb - lead

Background to solar v signal,
potential background to DM search
0

10

-1
@ 10 ¢
©
©
I
S 107 2vpp (2.1x102" yrs)
g - o e e e e e w w q' 'i—:
= -3 --- e em- - -.

b 10 TP

3 .
2 3" PMT v

-4 11 mBq U/Th
© 10 Bq 1

99.5% ER discrimination
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|/ background studies

e Develop small test Xe chamber for

background studies

e 206Pp recoils are a major
background in WIMP search, can
significantly affect energy
threshold — study backgrounds in
210Pp plated on samples of PTFE

e Excellent research experience for
students, postdocs to learn to
operate Xe chamber- can play vital
role in LZ commissioning,
operations

e Opportunity to contribute expertise
to large test chambers developed
at SLAC/LBNL

The Uranium-238 Decay Chain

Atomic Number
82 83 84 85 86 87 88 89 90 91
Only main decays are shown

Gamma emitters are not indicated Th-234 |
h

241d

B TPa-234

7.7x10%
) 214
19.
B Element Names Half-life units
‘ U -uranium a-years
';{:g'o -214 Th - thorium d - days
s a 4 Ra - radum h - hours
=L Pa - protactinium m - minuies
B Bi-210 Rn - radon s - seconds
50d B Po - polonium
\ Bi - bismuth
Pb-206 Po-210 Pb - lead
Stable ? ( ]|13844d

210pp will plate onto the walls, half of
the time see the & decay in detector,
half the time see the 2%°Pb recoil

O41223_142001, E_ = 1 k\iom
SUS1 versus 51, A 000d everts
v T T : ]

« 8 BEverts 200146 5

Case Western test
chamber data (2006)

{
!
1
1

10

Q 03 1 15 < - 3

Pb-ZMS o wo-zteg o Jrn222| @ [Razz8l © |m230| o
268m 3.05m 382d [€—|1go0a [ € D

24:1050




Radon-related backgrounds

The Uranium-238 Decay Chain The Thorium-232 Decay Chain
Atomic Number Atomic Number
82 83 84 85 86 87 88 89 90 91 92 81 82 83 84 85 86 87 88 89 90
Only main decays are shown ‘ Ra-228| ( |Th-232
Gamma emitters are not indicated Th234| O |U-238 Only main decays are shown 5758 [ €|, 1d%
2414 [ 45x10%a Gamma emitters are not indicated S |
" B Thc-228
B TPa-234 6.15h
117 m B B

N
Po-212|( O o
200m @’mw ( o YRn222| © [Razzel © |m-230 a\u-z:u 106h Q’%ﬁ%‘f ‘Rs:%z:,*— ?&22:4(1— %“:2:
268m 305m 3824 [ 1600 a | € 77x10% [ € 2 4x10°a B
TI-208 ! o 585-212
B ” 3.05m 60.6 1y B

Element Names Half-ife units

199 B Element Names Half-life units \. Th - thorium a-years
U - uranium a-years B Pb-208 Po-212 Ra - radium d - days
Pb-21 o -214 Th - thorium d - days Stable 0.3x10 Ac - actinium h - hours
223 m#. Ra - radium h - hours Rn - radon m - minutes
Pa - protactinium m - minutes Po - polonium s - seconds
[} Bi-210 Rn - radon s - seconds Bi - bismuth
50d B Po - polonium Pb - lead
Bi - bismuth TI - thallium
Pb-206 Po-210 Pb - lead
Stable ( [|13844a

Can easily pick out & recoils in data due to high light to charge ratio,
B can be used to tag Bi-Po coincident decays

Potential backgrounds
in DM search region
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LUX Preliminary
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Where are the Rn daughters located?
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222Rn
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Top-down view of Rn progeny

214Po
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See x-y localization of thoron decays
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Measured rates of & recoils from RBn chain

LUX Preliminary

Decay Chain | Isotope | Half-life = Event Rate (mHz) General Position
“2Rn | 3.82dy | 18.6 4 0.2 += 4.2, Uniform throughout bulk
“I%Po | 3.05 min | 15.7 + 0.2, + 3.5gys Uniform throughout bulk
28y Mpo | 162.30 us | 4.0 £ 0.140 £ 0.6, Sparse throughout bulk
210 , > 21.8% Walls
o | 13838 dy > 10.4% Cathode

“0Rn | 55.80sec | 2.5=0.14,, £0.7, | Quadrant I, sparse throughout bulk
“15pq 0.15 sec 3.0 = 0.14¢at + 094y« | Quadrant I, sparse throughout bulk
<12Bi | 60.54 min | 15.7 & 0.21at £ 3.5sysl Uniform throughout bulk
“Zpg 0.30 us not measured not observed

232 Th

i Adjusted for a 52% event reconstruction efficiency from measured value.
* These populations are suppressed due to 52 loss.
t Undifferentiated from ?'®Po rate.

Observe ~20 mHz 2??Rn rate, approximately stable during underground operation
Also observe 3 mHz 229Rn rate = 232Th contamination in detector

>19Po rate reflects '°Pb plate-out on surfaces prior to underground deployment
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Implications

LUX Preliminary

Background Rate Comparison/Context
F(a,n) from *'"Po o on PTFE | 21.8 mHz = 0.017 n/day = PMT neutrons: 1.2 n/day all tubes
<U5Pb 102 keV recoils 32.2 mHz Fiducialization removes these
[218po, > Iz214py,,, > I'a1ap,, PMT ER BG: 0.5 mDRUee
214pp untagged S 0.11-0.44 mDRU,_, 100 kg unoptimized fiducial
260 kg total active region ‘ [D. Malling APS 2013]

Range bounded by measured ?'8Po and ?'*Po « recoil rates

See approximately steady rate of radon progeny during
underground running, the sources of which are under investigation.
However,
contributions to our WIMP search background are within
previous background estimations.
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Self-interacting da
Dark mediated da

f

r

<

<

—xtensions In theoretical iIdeas about

matte

matter

DM

Flavor-changing dark matter

What as experimentalists can we do to think abo
ways that we could be missing possible DM signa

Ut
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